A current challenge in microbial pathogenesis is to identify biological control agents that may 15 prevent and/or limit host invasion by microbial pathogens. In natura, hosts are often infected 16 by multiple pathogens. However, most of the current studies have been performed under 17 laboratory controlled conditions and by taking into account the interaction between a single 18 commensal species and a single pathogenic species. The next step is therefore to explore the 19 relationships between host-microbial communities (microbiota) and microbial members with 20 potential pathogenic behavior (pathobiota) in a realistic ecological context. In the present 21 study, we investigated such relationships within root and leaf associated bacterial 22 communities of 163 ecologically contrasted Arabidopsis thaliana populations sampled across 23 two seasons in South-West of France. In agreement with the theory of the invasion paradox, 24 we observed a significant humped-back relationship between microbiota and pathobiota α-25 diversity that was robust between both seasons and plant organs. In most populations, we also 26 observed a strong dynamics of microbiota composition between seasons. Accordingly, the 27 potential pathobiota composition was explained by combinations of season-specific 28 microbiota OTUs. This result suggests that the potential biomarkers controlling pathogen's 29 invasion are highly dynamic. 30 3
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than the one of the discarded OTUs (Supplementary Figure S2 ). This final data set was used 169 to determine the matrix composed by the potential pathogenic species. More precisely, the 170 potential pathobiota in both leaves and roots of the 163 A. thaliana populations was 171 determined by using a list of the phytopathogenic bacteria established by the International 172 Society of Plant Pathology Committee on the Taxonomy of Plant Pathogenic Bacteria (ISPP-173 CTPPB; Supplementary Data 2 ) (Bull et al., 2010 (Bull et al., , 2014 . This potential pathobiota list 174 (Supplementary Data Set 2) was composed by 199 bacterial species that were filtered on the 175 microbiota matrix. The potential pathobiota matrix resulted in 11 bacterial species that were 176 further curated. More precisely,we only considered: i) the bacterial species already reported to 177 colonize A. thaliana (Pseudomonas syringae, Pseudomonas viridiflava, Pantoea 178 agglomerans, Sphingomonas melonis and Xanthomonas campestris) (Jakob et al., 2002 , 179 Kniskern et al., 2007 , ii) the bacterial species pathogenic on Brassicaceae species 180 (Pseudomonas marginalis, Streptomyces scabei and Xanthomonas perforans) (Charron & 181 Sams, 2002 , Lerat et al., 2009 , iii) the causal agent of lamb's lettuce spot Acidovorax 182 valerianellae reported to be widely distributed in France (Gardan et al., 2003) . The bacterial 183 species Diaphorobacter oryzae and Janthinobacterium agaricidamnosum were removed from 184 the potential pathobiota matrix because they have been reported previously only in non-plant 185 habitats (Pham et al., 2009) and mushrooms (Lincoln et al., 1999) , respectively. The resulted 186 potential pathobiota matrix was composed by 1203 samples and 29 OTUs characterizing the 187 nine bacterial species listed above (i.e. a given bacterial species can be included in more than 188 one OTU). The 29 potential pathogenic OTUs were removed from the microbiota matrix. 189 Therefore, the final microbiota matrix used for further analysis was composed by 6,598 190 OTUs. Analysis of the α and β-diversity and characterization of the potential pathobiota 194 Shannon diversity and observed species richness were estimated on the final OTU 195 matrix by using the summary.single function of mothur (Schloss et al., 2009) . Indexes of α-196 diversity were also calculated by sample rarefaction of 300/600/900 iters. Results between 197 non-rarefied and rarefied samples were similar and the complete non-rarefied data set was 198 used for the calculation of microbiota diversity. Figure S3 ), the PCoA coordinates from the non-rarefied Hellinger distance 207 matrix were retrieved and used for statistical analysis described below.
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Non-metric multidimensional scaling (NMDS) was also run on the Hellinger distance 209 matrix. However, the values of stress were 0.431 and 0.293 for 2D and 3D NMDS ordination 210 space, respectively. These stress values suggest a lack of fit between the ranks on the NMDS 211 ordination configuration and the ranks in the original distance matrix (Ramette, 2007) . Shannon index, first and second PCoA axes) and potential pathobiota microbiota (i.e. species 219 richness, α-diversity Shannon index, first and second PCoA axes) was explored using 220 different mixed models (Supplementary Text). A correction for the number of tests was 221 performed to control the FDR at a nominal level of 5%.
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In order to study the relationship between microbiota α-diversity and potential 223 pathobiota α-diversity, linear and non-linear regressions were fitted using the 'lm' and 'nls' 
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Although pathogen-focused network analysis has been already used for investigating 234 the relationships between whole microbiota and microbial pathogens, this method appears 235 only suitable for studying monospecific interactions between a single pathogenic species and 236 the rest of the microbial community members (Poudel et al., 2016) . In order to include higher-237 order interactions in the study of the relationship between microbiota and potential pathobiota 238 composition, a sparse Partial Least Square Regression (sPLSR) (Lê Cao et al., 2008; 239 Carrascal et al., 2009) was therefore adopted to maximize the covariance between linear 
RESULTS
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Characterization of the A. thaliana microbiota and potential pathobiota 254 We sampled 163 natural A. thaliana populations chosen to maximize the diversity of 255 habitats encountered by A. thaliana in the Midi-Pyrénées region (Figure 1 ). Due to differences 256 in germination timing in autumn, about half of the populations were sampled both in autumn 257 and in spring, whereas the other half of populations were sampled only in spring, thereby 258 leading to three seasonal groups of populations, that is 'autumn', 'spring with autumn' and 259 'spring without autumn'. 260 We obtained 18,610,383 high-quality reads across 1,655 samples, with on average 261 ~10,136 reads per sample. After data filtering, we identified 6,627 non-singleton bacterial 262 OTUs. A large amount of these OTUs were specific to roots or leaves, as only ~8.1% OTUs 263 (n = 540 OTUs) were shared between both plant compartments. However, the relative 264 abundance of OTUs shared between leaf and root samples was 20.2 and 16.0 higher than the 265 relative abundance of leaf and root specific OTUs. This suggests that generalists OTUs are 266 dominant members of the Arabidopsis thaliana microbiota.
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As commonly observed in A. thaliana and other plant species (Lundberg et al., 2012; 268 Bulgarelli et al., 2013; Horton et al., 2014; Coleman-Derr et al., 2016; Wagner et al., 2016) , 269 bacterial communities were largely dominated by Proteobacteria (> 80%). At the order level, Bacteria (Bull et al., 2010 (Bull et al., , 2014 (Figure 2b ). Among them, the three most abundant species 278 representing more than 72% of the whole potential pathobiota were X. campestris (31.9%), P. 279 viridiflava (29.2%) and P. agglomerans (11.7%) ( Figure 2b ). For the seasonal groups 280 'autumn' and 'spring w/autumn', we observed a depletion of X. campestris and an enrichment 281 of S. scabiei in the root compartment in comparison with the leaf compartment ( Figure 2b) . In 282 the leaf compartment, an enrichment of P. viridiflava between autumn and spring was 283 associated with a depletion of X. campestris (Figure 2b) . Similarly to the microbiota, no effect 284 of germination timing in autumn was observed on the relative abundance of the potential 285 pathogenic species for plants collected in spring ( Figure 2b ).
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It is noteworthy that the relationship between the total relative abundance among 287 samples and the prevalence among populations was weak for some potential pathogenic 288 bacterial species (Figure 2c ). For example, although the total relative abundance of P. 289 syringae and S. scabiei among all samples ranged from 3.4% to 5.5% respectively ( Figure   290 2b), these two species were present on average in more than 31% of the populations ( Figure   291 2c). Visual inspection of original data suggests that this pattern is mainly explained by the 292 presence of few highly infected plants in many populations.
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To confirm the pathogenic behaviour of the potential pathobiota, representative 294 bacterial strains of the three most abundant species were tested for their pathogenicity on their Response (HR) test on tobacco (Supplementary Text). We found that: i) 84 strains of the P. all the four strains tested for in planta growth were able to reach a population size of 10 6 303 CFU.cm -2 7 days post inoculation on A. thaliana (Supplementary Figure S5a , Supplementary   304   Table S2 ), and iii) seven out of eight strains tested were able to induce disease on at least one 305 of the eight A. thaliana local accessions tested (Supplementary Text, Supplementary Figure   306 S5b, S6, S7, Supplementary Table S3 ). For X. campestris, 62 strains were isolated 307 (Supplementary Text, Supplementary Figure S8 ) and all of them induced disease symptoms 308 on the A. thaliana Kas-1 accession (Supplementary Figure S9) , which is susceptible to most 309 X. campestris strains isolated from crops (Huard-Chauveau et al., 2013) . In addition, 58 of the Figure S11 , S12, Supplementary Table S4 ). Taken 314 together, these results support that most of the strains identified here as part of the A. thaliana 315 potential pathobiota have a pathogenic behavior on A. thaliana. In addition, the relative 316 abundance of the potential pathobiota was significantly higher in A. thaliana individuals with 317 visible disease symptoms (4.5%) than in asymptomatic A. thaliana individuals (1.6%) when 318 sampled in situ (general linear model, F = 26.05, P < 0.001) (Supplementary Figure S13) , 319 strengthening the potential pathogenic behavior of the pathobiota identified in this study. 320 321 Alpha-diversity of the A. thaliana microbiota and potential pathobiota 322 We investigated whether the level of α-diversity (species richness and Shannon index) Supplementary Tables S5, S6, S7) . For the potential pathobiota, a similar pattern 328 was observed in autumn but not in spring where the potential pathogenic communities were as 329 diverse in roots as in leaves (Figure 3b , Supplementary Tables S5, S6, S7 ). More importantly, 330 strong differences among populations in the dynamics of α-diversity between autumn and 331 spring were observed for the microbiota and to a lesser extent for the potential pathobiota 332 (Figure 4 , Supplementary Tables S5, S6 ).
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Whatever the seasonal group considered, variation in α-diversity of the microbiota was 334 first explained by differences among populations (~16.8% for species richness and ~26.2% 335 for Shannon index) (Figure 4 , Supplementary Tables S8 -S11 ). In contrast, the main source of 336 variation in the α-diversity of the potential pathobiota largely differs between the two seasons 337 (Supplementary Tables S8 -S11). Variation in α-diversity of the pathobiota in autumn and 338 spring was first explained by the factor 'plant compartment' (~12.5%) and the factor 339 'population' (~13.8%), respectively ( Supplementary Table S11 ). At the 'plant compartment × 340 seasonal group' level, the level of differentiation among populations for Shannon index was 341 on average almost twice higher for the microbiota than for the potential pathobiota (~38.3% 342 vs ~14.5% of variance explained by the factor 'population') ( Supplementary Table S12 ) .
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No effect of germination timing in autumn was observed on the microbiota and 344 pathobiota α-diversity of plants collected in spring ( Supplementary Table S7 , S11).
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Relationships between microbiota and potential pathobiota α-diversity: testing for the 347 invasion paradox 348 By considering all samples, we observed a highly significant humped-back 349 relationship between the species richness of the potential pathobiota and the species richness 350 of the microbiota (Figure 5a , Supplementary Table S13 , Supplementary Figure S14 ). This (Figure 5b, 5c , Supplementary Table S13 ). A similar humped-back relationship 353 was observed when considering Shannon index instead of species richness, with the exception 354 of the root compartment in the seasonal group 'spring w/ autumn' (Figure 5d , 5e, 5f, 355 Supplementary Table S13 ). This humped-back relationship indicates that a poorly diversified 356 potential pathobiota was associated with either a highly or a poorly diversified microbiota, Figure S1 ). 
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For the potential pathobiota structured according to a pattern of three branches (Figure 6d ), 369 the first two PCoA axes explained 37% of the β-diversity (Figure 6d ). The variation along two 370 of these branches was related strongly but independently to the abundance variations of P. 371 viridiflava and X. campestris (Figures 6e, 6f) . 372 We observed strong differences among populations for the dynamics of β-diversity of 373 the microbiota between autumn and spring, with the factor 'season × population' explaining 374 53.8% and 43.2% of the variation along the first and second PCoA axes, respectively 375 ( Supplementary Figure S15, Supplementary Tables S5,S6 ). The dynamics of β-diversity of 376 the potential pathobiota between autumn and spring was also dependent on the considered 377 18 population but to a much lesser extent than what was observed for the microbiota β-diversity 378 (i.e. 9.8% and 7.6% of the variation along the first and second PCoA axes, respectively)
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( Supplementary Tables S5, S6) . Table S11 ). At the 'plant compartment × seasonal group' level, the level of differentiation 386 among populations for β-diversity was on average higher for the microbiota than for the 387 potential pathobiota (~76.5% vs ~10.8% of the first PCoA axis variance explained by the 388 factor 'population') ( Supplementary Table S12 , Supplementary Figure S16) . 389 An effect of germination timing in autumn on the β-diversity of plants collected in 390 spring was not observed on microbiota but on potential pathobiota. In the leaf compartment, 391 variation along the first PCoA axis was driven by differences among populations with early 392 autumn germinants (i.e. 'spring with autumn' season group), while variation along the second 393 PCoA axis was driven by differences among populations with late autumn germinants (i.e.
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'spring without autumn' season group) ( Supplementary Table S12 wild-type and mutant lines of A. thaliana (Kniskern et al., 2007) . Second, we detected in situ 418 a strong relationship between the presence of disease symptoms and the relative abundance of 419 the potential pathobiota. Third, pathogenicity tests on both host and non-host plants confirmed 420 that most of the strains belonging to the three most abundant species -composing almost three 421 quarters of the whole potential pathobiota -have a pathogenic behavior. Finally, we found a 422 significant and strong positive relationship between relative abundance and α-diversity of the 423 pathobiota ( Supplementary Table S14 ). The latter result suggests that plants are more often 424 infected by consortia of pathogenic species than by a single pathogenic lineage, which is in 425 line with similar observations obtained in humans and animals (Faust et al., 2012) . For 426 20 example, multiple closely related Borrelia genospecies have been found to display a positive 427 co-occurrence in ticks (Herrmann et al., 2013) . Studies on plant pathogens also suggest that 428 co-infection is a frequent process mediated by niche functionality of the colonizing species In this study, we found that the in situ microbiota and potential pathobiota of A. 437 thaliana were affected by the combined effects of season, plant compartment and population.
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In particular, we observed a strong dynamics in community succession of the microbiota 439 between seasons, reinforcing the need to study the dynamics of bacterial communities over In contrast to the microbiota, we found that plant compartment mainly influenced the 450 composition of the potential pathobiota as well as the relative abundance of the most abundant 451 pathogenic species. Our results are in accordance with previous studies reporting that 452 pathogenic species such as P. syringae sensu lato and X. campestris evolved specific 453 strategies (e.g. entry by stomata, hydatodes and wounds) to infect the leaf compartment in a 454 wide range of crops (Mansfield et al., 2012) . On the other hand, the most abundant OTUs of 455 the microbiota were shared between leaves and roots. In agreement, the use of a gnotobiotic 456 A. thaliana plant system allows to demonstrate potential reciprocal relocation between root 457 and leaf microbiota members (Bai et al., 2015) . In the same study, whole-genome sequencing 458 and functional analysis of bacteria associated with both leaves and roots of A. thaliana 459 highlighted a clear taxonomy and functional overlap of the bacterial populations inhabiting 460 this plant species (Bai et al., 2015) . Altogether, these results are in contrast with previous 461 studies on human microbiota demonstrating a remarkable organization of microbes into body 462 site niches (Faust et al., 2012; Belkaid and Hand, 2014) . This discrepancy might originate 463 from a lack of specialized plant tissues constituting strictly specialized niches for commensal 464 bacteria as observed in human organs.
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The invasion paradox is mediated by distinct microbiota composition between seasons 467 and plant organs 468 In agreement with theoretical expectations on the invasion paradox (Levine and 469 D' Antonio, 1999; Fridley et al., 2007; Tomasetto et al., 2013) , we observed a humped-back 
